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[57] ABSTRACT 

A temperature compensated crystal oscillator including: an 
oscillation circuit having a quartz crystal resonator and a 
control terminal, for providing an oscillating signal deter- 
mined by the quartz crystal resonator and a control signal, 
the control signal being applied to the control terminal; a 
temperature detecting circuit for detecting an operation 
temperature and outputting a temperature signal based on 
the operation temperature; and a control signal generating 
circuit for receiving the temperature signal from the tem- 
perature detecting circuit, generating the control signal 
based on a characteristic curve, and outputting the control 
signal to the control terminal; the characteristic curve essen- 
tially consisting of a plurality of straight lines and being an 
approximation of an ideal control curve in a predetermined 
operation temperature range including the operation tem- 
perature, the ideal control curve having a relationship 
between the control signal and the temperature signal for 
ideally compensating a fluctuation of a frequency of the 
oscillating signal against changes of the operation tempera- 
ture, the predetermined operation temperature range being 
divided into temperature ranges, each of the plurality of 
straight lines corresponding to one of the divided tempera- 
ture ranges. 

21 Claims, 19 Drawing Sheets 
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TEMPERATURE COMPENSATED CRYSTAL 
OSCILLATOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a crystal oscillator, and 
more particularly to a temperature compensated crystal 
oscillator used as a reference frequency oscillator in a 
mobile communication device (such as a car telephone, a 
portable telephone, and a cordless telephone), a satellite 
communication device, and the like. 

2. Description of the Related Art 

In recent years, there has been increasing demand for a 
crystal oscillator used for oscillating a reference frequency 
in a mobile communication device (such as a car telephone, 
a portable telephone, and a cordless telephone, and often 
called a cellular telephone), a satellite communication 
device, and the like, as such communication devices have 
been become more and more prevalent. 

A crystal oscillator to be used for oscillating a reference 
frequency is required to have as small fluctuation of the 
oscillating frequency as possible against changes of tem- 
perature. In the case of use in a terminal for an analog 
portable telephone system used in North America, for 
example, the fluctuation of the oscillating frequency is 
required to be within a range of ±2.5 p. p.m. over a tem- 
perature range of -30° C. to +75° C. For use in a terminal 
for a narrow-band TDMA type digital portable telephone 
system, the fluctuation of die oscillating frequency is 
required to be within a range of ±1.5 p.p.m. over a tem- 
perature range of -20° C. to +85" C. For use in a terminal 
for a large capacity analog portable telephone system used 
in Japan, the fluctuation of the oscillating frequency is 
required to be within a range of ±1.0 .p.p.m. over a tem- 
perature range of -20° C. to +85° C. Moreover, such crystal 
oscillators used in a portable telephone must satisfy other 
requirements, e.g. miniaturization of the device and reduc- 
tion of the manufacturing cost, which are particularly emi- 
nent requirements for a crystal oscillator used in a cellular 
telephone. Therefore, a crystal oscillator suitable for such 
use is strongly needed. 

The oscillating frequency-temperature characteristics of a 
crystal oscillator depend directly on the resonant frequency- 
temperature characteristics of a quartz crystal resonator used 
in the crystal oscillator. Therefore, when the oscillating 
frequency is required to be highly stable over a wide 
temperature range, a temperature compensation circuit is 
usually required. There arc two known methods for tem- 
perature compensation using a temperature compensation 
circuit. One is an analog temperature compensation method 
in which change in the impedance of the quartz crystal 
resonator is compensated by using a temperature sensitive 
element such as a thermistor. The other is a digital tempera- 
ture compensation method in which a voltage for compen- 
sating the temperature characteristics of the quartz crystal 
resonator (which is used for the oscillation purpose) in 
accordance with compensation data prestored in a memory 
is applied to a variable capacitor, based on information 
obtained from a separately incorporated temperature detect- 
ing quartz crystal resonator. 

Hereinafter, conventional temperature compensated crys- 
tal oscillators will be described with reference to the accom- 
panying drawings. FIG. 19 is a block diagram showing a 
conventional analog-type temperature compensated crystal 
oscillator. As is shown in FIG. 19, a quartz crystal resonator 
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11 and a temperature compensation circuit 111 are connected 
in series to an oscillation circuit 12 having an output 
terminal 13. The temperature compensation circuit 111 
includes a circuit portion in which a thermistor 112, a 
resistor 113, and a capacitor 114 are connected in parallel as 
well as a circuit portion in which a capacitor 117 is con- 
nected in parallel to a thermistor 115 and a resistor 116 that 
are connected in series. When the ambient temperature 
changes, the resistance of each of the thermistors 112 and 
115 varies, whereby the reactance of the impedance of the 
whole temperature compensation circuit 111 is varied. 
Therefore, in the case where the respective values of the 
thermistors 112, 115, resistors 113, 116, and capacitors 114, 
117 are determined so as to compensate the fluctuation of the 
oscillating frequency based on the changes of impedance, it 
becomes possible to stabilize against temperature changes 
the oscillating frequency of the crystal oscillator. Examples 
of such conventional crystal oscillators are disclosed in 
Japanese Laid-Open Patent Publication Nbs. 55-125702, 
56-68002, etc. 

FIG. 20 is a block diagram showing a conventional 
digital-type temperature compensated crystal oscillator. As 
is shown in FIG. 20, the crystal oscillator includes a digitally 
controlled crystal oscillator 120, a temperature sensor 121, 
an AID (Analog/Digital) convenor 122, and a memory 123. 
The digitally controlled crystal oscillator 120 has a quartz 
crystal resonator 11, an oscillation circuit 12, and a variable 
reactance circuit 124. This crystal oscillator operates as 
follows: The temperature sensor 121 detects a change in the 
ambient temperature. The A/D converter 122 converts the 
change in the ambient temperature to a digital signal. The 
compensation data prestored in the memory 123 is read out 
in accordance with the digital signal. The reactance value of 
the variable reactance circuit 124 is changed based on the 
compensation data that has been read out, whereby the 
oscillating frequency of the digitally controlled crystal oscil- 
lator 120 is stabilized against changes in temperature. The 
compensation data prestored in the memory 123 is in the 
form of, for example, a table of 8 bits (corresponding to 256 
points in temperature) by 7 bits (corresponding to 128 
control amounts), as is described in 41st Annual Frequency 
Control Symposium, 1987, p. 435, *A Digitally Compen- 
sated TCXO Using A Single Chip LSI* : by T. Hara, T. Kudo, 
S. Uriya, H. Saita, S. Ogou, and Y. Katsuta. 

However, each of the above-mentioned conventional ana- 
log-type temperature compensated crystal oscillator and 
conventional digital-type temperature compensated crystal 
oscillator has the following inherent problems. 

An analog-type crystal oscillator in which thermistors are 
used has the following problems. Since a conventional 
analog compensation method can compensate only some 
specific fluctuation patterns of the resonant frequency-tem- 
perature characteristics of quartz crystal resonators, it is 
impossible to compensate all the kinds of the fluctuation 
patterns of the resonant frequency-temperature characteris- 
tics of the quartz crystal resonator, thus resulting in poor 
temperature compensation accuracy. Moreover, the ther- 
mistors have a large variation in their characteristics. There- 
fore, it is required to select quartz crystal resonators having 
minimum fluctuation of resonant frequency-temperature 
characteristics. Also, the conventional analog compensation 
method requires rather complicated calibration. As a result, 
conventional analog-type crystal oscillators require large 
production costs. 

More specifically, the resonant frequency-temperature 
characteristics depend largely on the cut angle of the indi- 
vidual quartz crystal resonator. Commercially available 
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quartz crystal resonators have a variation in cut angles of 
approximately ±5 minutes. Such variation in cut angles, 
however, results in too large a fluctuation in the resonant 
frequency-temperature characteristics of the crystal vibra- 
tors; an analog-type temperature compensated crystal oscil- 5 
lator having such a quartz crystal resonator is not capable of 
completely compensating changes in temperature. There- 
fore, it is required to select, from commercially available 
quartz crystal resonators, those with a cut angle variation of 
approximately ±1 minutes, which results in an increase in 10 
the production cost. Moreover, such devices as thermistors 
are not suitable for being integrated into ICs (Integrated 
Circuits), which leads to the problem that miniaturization of 
the crystal oscillator can be difficult. 

On the other hand, a digital-type temperature compen- ! 5 
sated crystal oscillator corrects the frequency with respect to 
each sampling point in temperature, which requires com- 
pensation data consisting of a table of 8 bits by 7 bits, for 
example. The compensation data must be stored in a PROM 
(Programmable Read Only Memory). Therefore, digital- 20 
type temperature compensated crystal oscillators require a 
great amount of time and trouble, in the fabrication thereof, 
resulting in high prices of the resultant products. 
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The temperature compensated crystal oscillator of the 
present invention includes: oscillation means including a 
quartz crystal resonator and a control terminal, for providing 
an oscillating signal determined by the quartz crystal reso- 30 
nator and a control signal, the control signal being applied 
to the control terminal; temperature detecting means for 
detecting an operation temperature and outputting a tem- 
perature signal based on the operation temperature; and 
control signal generating means for receiving the tempera- 35 
ture signal from the temperature detecting means, generating 
the control signal based on a characteristic curve, and 
outputting the control signal to the control terminal; the 
characteristic curve essentially consisting of a plurality of 
straight lines and being an approximation of an ideal control 40 
curve in a predetermined operation temperature range 
including the operation temperature, the ideal control curve 
having a relationship between the control signal and the 
temperature signal for ideally compensating a fluctuation of 
a frequency of the oscillating signal against changes of the 45 
operation temperature, the predetermined operation tem- 
perature range being divided into temperature ranges, each 
of the plurality of straight lines corresponding to one of 
divided temperature ranges. 

In one embodiment of the invention, the characteristic 50 
curve is selected so as to minimize a maximum value of 
frequency fluctuation resulting from deviation from the ideal 
control curve over the operation temperature range. 

In another embodiment of the invention, each of the 
plurality of straight lines conforms to the ideal control curve 55 
at both ends of each divided temperature ranges so that no 
frequency fluctuation occurs at both the ends. 

In still another embodiment of the invention, the charac- 
teristic curve consists of five straight lines. 

In still another embodiment of the invention, the charac- 
teristic curve consists of four straight lines. 

In still another embodiment of the invention, the charac- 
teristic curve consists of three straight lines. 

In still another embodiment of the invention, the tempera- 65 
ture detecting means is a circuit including a resistor con- 
nected in series to a plurality of diodes connected in series 
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to one another, a connection point between the resistor and 
the diodes defining an output terminal for outputting the 
temperature signal, and a DC current being applied to the 
circuit 

In still another embodiment of the invention, the control 
signal generating means includes a plurality of voltage 
function generating circuits for outputting the control signal 
which is linearly varied in accordance with the temperature 
signal and switching means for switching between the 
voltage function generating circuits, each of the voltage 
function generating circuits being operated in corresponding 
one of the divided temperature ranges. 

In still another embodiment of the invention, the control 
signal generating means includes: a plurality of voltage 
generating circuits each having input-output characteristics 
for linearly varying output voltage from a first predeter- 
mined voltage to a second predetermined voltage in accor- 
dance with input voltage within an input voltage range 
corresponding to a predetermined one of the divided tem- 
perature ranges and for maintaining the output voltage at one 
of the first predetermined voltage and the second predeter- 
mined voltage in an input voltage range corresponding to the 
other divided temperature ranges; and a voltage adder for 
adding the output voltages of all the voltage function gen- 
erating circuits with one another. 

In still another embodiment of the invention, the control 
signal generating means includes: a number (n+1) of voltage 
function generating circuits having input-output character- 
istics such that, in a predetermined input voltage range 
corresponding to two adjoining ones of the divided tem- 
perature ranges, output voltage linearly increases from zero 
to a predetermined maximum value in accordance with input 
voltage in a first one of the two adjoining temperature ranges 
and that the output voltage linearly decreases from the 
maximum value to zero in accordance with the input voltage 
in the other one of the two adjoining temperature ranges and 
further that the output voltage is zero in an input voltage 
range other than the input voltage range corresponding to the 
two adjoining temperature ranges; and a voltage adder for 
adding the output voltages of all the voltage function gen- 
erating circuits with one another, wherein the output voltage 
of each voltage function generating circuit varies based on 
the following relationship: as the output voltage of an i,;, 
voltage function generating circuit increases from zero to a 
maximum value, the output voltage of an (i-l), fc voltage 
function generating circuit decreases from a maximum value 
to zero; and as the output voltage of an \ {h voltage function 
generating circuit decreases from a maximum value to zero, 
the output voltage of an (i+1)^ voltage function generating 
circuit increases from zero to a maximum value, wherein n 
is an integer of 2 or more representing the number of the 
temperature ranges; and i is an integer in the range of 2 to 
n. 

In still another embodiment of the invention, the output 
voltage of the \ th voltage function generating circuit increas- 
ing from zero to the maximum value in the first one of the 
two adjoining temperature ranges is generated by a single- 
section voltage function generating circuit composed mainly 
of at least one operational amplifier, and wherein the output 
voltage of the single-section voltage function generating 
circuit composed mainly of the at least one operational 
amplifier is inverted to be utilized as the output voltage of 
the (i-1),/, voltage function generating circuit decreasing 
from the maximum value to zero in the other one of the two 
adjoining temperature ranges. 

In still another embodiment of the invention, the first 
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voltage function generating circuit is a single-section volt- 
age function generating circuit composed mainly of opera- 
tional amplifiers for generating output voltage decreasing 
from a maximum value to zero in accordance with the input 
voltage. 5 

In still another embodiment of the invention, the (n+l) lft 
voltage function generating circuit is a single-section volt- 
age function generating circuit composed mainly of opera- 
tional amplifiers for generating output voltage increasing 
from zero to a maximum value. 10 

In still another embodiment of the invention, the maxi- 
mum values of the output voltages of the voltage function 
generating circuits are prescribed at the same value, and 
wherein such a desired control signal is generated by adjust- 
ing amplitude of an operational amplifier inserted between 15 
each voltage function generating circuit and the voltage 
adder. 

- In still another embodiment of the invention, the voltage 
function generating circuits are composed mainly of at least 2Q 
one operational amplifier, and wherein the maximum output 
voltage of each voltage function generating circuit is defined 
by utilizing saturation characteristics of the output voltage of 
the operational amplifiers. 

A temperature compensated crystal oscillator according to 25 
the present invention requires only a small number of 
temperature sampling points, e.g. 3 to 5 points at which the 
temperature compensated crystal oscillator is calibrated so 
as to restrain the fluctuation of the oscillating frequency to 
1 or 2 p.p.m. or less over a temperature range extending 30 
approximately 100° C. Moreover, the temperature compen- 
sated crystal oscillator can be calibrated independently at 
each temperature sampling point, thereby greatly facilitating 
the calibration of temperature compensation. Therefore, the 
temperature compensated crystal oscillator of the present 35 
invention can have high accuracy at a relatively low pro- 
duction cost Moreover, the temperature compensated crys- 
tal oscillator can be miniaturized because it can be com- 
posed only of devices that are suitable for integration into 
ICs. 40 

Thus, the invention described herein makes possible an 
advantage of providing a compact and low-cost temperature 
compensated crystal oscillator having high accuracy, which 
can suitably be used in a cellular telephone, a cordless 
telephone, and the like. 45 

This and other advantages of the present invention will 
become apparent to those skilled in the art upon reading and 
understanding the following detailed description with refer- 
ence to the accompanying figures. 

50 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram showing a temperature com- 
pensated crystal oscillator according to a first example of the 
present invention. 

FIG. 2(a) is a circuit diagram showing a temperature 
sensor including diodes in a temperature compensated crys- 
tal oscillator according to one example of the present 
invention. 

FIG. 2(b) is a circuit diagram showing a temperature 
sensor including thermistor in a temperature compensated 
crystal oscillator according to one example of the present 
invention. 

FIG. 3 is a diagram for describing the relationship 65 
between temperature and the output voltage of a temperature 
sensor according to one example of the present invention. 
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FIG. 4 shows an ideal control voltage curve (indicated by 
the dotted line) for ideally compensating a quartz crystal 
resonator therein and a control curve (indicated by the solid 
line) consisting of straight lines each constituting an 
approximation to the ideal compensation curve in one of 
temperature ranges. 

FIG. 5 is a diagram showing the input-output character- 
istics of the voltage function generating circuits according to 
the first example of the present invention. 

FIG. 6(a) is a part of a specific circuit diagram of the 
temperature compensated crystal oscillator of the first 
example of the present invention. 

FIG. 6(b) is the other part of the specific circuit diagram 
of the temperature compensated crystal oscillator of the first 
example of the present invention. 

FIG. 7 is a graph showing the relationship between 
temperature, output voltage, and current consumption of the 
diode-based temperature sensor used in the circuit shown in 
FIGS. 6(a) and 6(b). 

FIG. 8 is a graph showing the relationship between the 
input voltage and output voltage of a control signal gener- 
ating means of a temperature compensated crystal oscillator 
composed of the circuit shown in FIGS. 6(a) and 6(b), 

FIG. 9 is a graph showing the relationship between 
temperature and the control voltage of a temperature com- 
pensated crystal oscillator composed of the circuit shown in 
FIGS. 6(a) and 6(b), wherein 5 temperature ranges are 
provided. 

FIG. 10 is a graph showing the relationship between the 
frequency fluctuation and changes in temperature of a tem- 
perature compensated crystal oscillator composed of the 
circuit shown in FIGS. 6(a) and 6(b). 

FIG. 11 is a graph showing the relationship between 
temperature and the control voltage of a first modified 
example of the temperature compensated crystal oscillator 
according to the first example of the present invention, 
wherein 4 temperature ranges are provided. 

FIG. 12 is a graph showing the relationship between 
temperature and the control voltage of a second modified 
example of the temperature compensated crystal oscillator 
according to the first example of the present invention, 
wherein 3 temperature ranges are provided. 

FIG. 13 is a block diagram showing a temperature com- 
pensated crystal oscillator according to a second example of 
the present invention. 

FIG. 14 is a block diagram showing a temperature com- 
pensated crystal oscillator according to a third example of 
the present invention. 

FIG. 15 is a diagram showing the input-output character- 
istics of the voltage function generating circuits according to 
the third example of the present invention. 

FIG. 16 is a block diagram showing a temperature com- 
pensated crystal oscillator according to a fourth example of 
the present invention. 

FIG. 17 is a diagram showing the input-output character- 
istics of voltage function generating circuits according to the 
fourth example of the present invention. 

FIG. 18(a) is a specific circuit diagram showing a voltage 
function generating circuit according to the fourth example 
of the present invention. 

FIG. 18(b) is a diagram showing the relationship between 
the input voltage and output voltage of the circuit shown in 
. FIG. 18(a). 

FIG. 19 is a block diagram showing a conventional 
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analog-type temperature compensated crystal oscillator. 

FIG. 20 is a block diagram showing a conventional 
digital -type temperature compensated crystal oscillator. 

DESCRIPTION OF THE PREFERRED 5 
EMBODIMENTS 

Hereinafter, the present invention will be described by 
way of examples, with reference to the accompanying 
drawings. Like components are indicated by like numerals j 0 
throughout the examples. 

Example 1 

FIG. 1 is a block diagram showing a temperature com- 
pensated crystal oscillator according to the first example of 15 
the present invention. As is shown in FIG. 1, the temperature 
compensated crystal oscillator includes a temperature sensor 
101 for detecting temperature, voltage function generating 
circuits 102, 103, 104, 105, and 106, a voltage adder 107 for 
adding and outputting voltages generated by the voltage 20 
function generating circuits 102 to 106, and an oscillation 
circuit 12 with a quartz crystal resonator 11 for stabilizing 
the frequency oscillated thereby. The oscillation circuit 12 
has an output terminal 13 for outputting the oscillating 
voltage and a control terminal 15 for controlling the oscil- 25 
lating frequency. A variable capacitance diode 14 whose 
capacitance is varied in accordance with a voltage applied 
thereto is connected to the control terminal 15. 

The temperature sensor 101 generates a voltage which is 3() 
in proportion to the detected temperature. The generated • 
voltage is input to the voltage function generating circuits 
102, 103, 104, 105, and 106. Each of the voltage function 
generating circuits 102 to 106 has input-output characteris- 
tics such that the output voltage thereof linearly increases as 35 
the voltage input thereto increases and that the output 
voltage linearly decreases after reaching a peak voltage, the 
increase and decrease of the output voltage occurring only in 
a predetermined range of input voltages. Thus, the input- 
output characteristics of each of the voltage function gen- ^ 
erating circuits 102 to 106 constitute a curve having a 
reversed V-shape. Output voltages from the voltage function 
generating circuits 102 to 106 are input to the voltage adder 
107 so as to be added with one another. The voltage adder 
107 is connected to the control terminal 15 of the oscillation 45 
circuit 12. An output voltage from the voltage adder 107 is 
applied to the variable capacitance diode 14 so as to stabilize 
the oscillating frequency against changes in temperature. 

As is shown in FIG. 2(a), the temperature sensor 101 may 
be a circuit in which a plurality of diodes 23 connected in 50 
series are connected in series to a resistor 22. When a DC 
voltage is applied to a terminal 21, a voltage shift corre- 
sponding to a change in temperature can be obtained at an 
output terminal 24 provided at the connection between the 
resistor 22 and the diodes 23, utilizing the changes in the p-n 55 
junction potential of the diodes 23 in response to changes in 
temperature. Alternatively, as is shown in FIG. 2(6), the 
temperature sensor 101 may be a circuit in which a ther- 
mistor 25 is connected in series to resistors 22, so as to 
utilize the changes in the resistance of the circuit in response go 
to changes in temperature. In the temperature sensor 101 of 
the configuration shown in FIG. 2(b) as well, a voltage shift 
corresponding to a change in temperature can be obtained at 
the output terminal 24 by applying a DC voltage to the 
terminal 21. 65 

Hereinafter, operating principles for the temperature com- 
pensated crystal oscillator of the present example will be 
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described in more detail with reference to the accompanying 
drawings. It is assumed that, as is shown in FIG. 3, the 
output voltage from the temperature sensor 101 changes 
substantially linearly as with changes in temperature T. It is 
also assumed that the temperature sensor 101 outputs volt- 
ages V,!, V, 2 , V f3 , V, 4 , V, 5 , and V rf at temperatures T„ T 2 , 
T 3 , T 4) T 5 , and T 6 , respectively. 

FIG. 4 shows an ideal control voltage curve (indicated by 
the dotted line) for ideally compensating the temperature 
compensated crystal oscillator and a control curve (indicated 
by the solid line) consisting of straight lines which approxi- 
mate to the ideal control voltage curve as a whole. If the 
control voltage V c is applied to the control terminal 15 
(shown in FIG. 1) based on the ideal control voltage curve, 
the fluctuation of the oscillating frequency oscillated by the 
temperature compensated crystal oscillator can be perfectly 
compensated in the temperature range of T x to T 6 . The 
control voltage V c to be actually applied to the control 
tenninal 15 has a characteristic curve consisting of five 
straight lines and constituting an approximation to the ideal 
control voltage curve. Each of the five straight lines corre- 
sponds to one of the five divided temperature ranges, i.e., T, 
to T 2 , T 2 to T 3 , T 3 to T 4 , T 4 to T 5 , and T 5 to T^. 

One major feature of the temperature compensation 
method of the present invention is its use of a plurality of 
straight lines constituting an approximation to the ideal 
control voltage curve which keeps the fluctuation of the 
oscillating frequency zero, each of the straight lines being 
made optimum for one of the prescribed temperature ranges. 
On the other hand, a conventional temperature compensa- 
tion method characteristically uses straight lines as an 
approximation to a curve representing the relationship 
between temperature and the oscillating frequency of a 
quartz crystal resonator. Although both the method of the 
present invention and the conventional method use an 
approximation approach with straight lines, they are quite 
different from one another in their ways of conducting the 
approximation. 

FIG. 5 shows examples of voltages to be output from the 
voltage function generating circuits 102 to 106 (shown in 
FIG. 1) in response to the input voltage V, from the 
temperature sensor 101 so that the approximation curve of 
straight lines shown by the solid line in FIG. 4 is achieved. 
As is seen from FIG. 5, each of the voltage function 
generating circuits 103 to 106 generates the voltages having 
a reversed V-shaped curve only during two adjoining input 
voltage ranges. The output voltage from the voltage function 
generating circuit 102 corresponds to only one input voltage 
range. As is shown in FIG. 5, the voltage function generating 
circuit 102 operates in the input voltage range between V fl 
to V j2 ; the voltage function generating circuit 103 operates 
in the input voltage range between V sl to V j3 ; the voltage 
function generating circuit 104 operates in the input voltage 
range between V j2 to V^; the voltage function generating 
circuit 105 operates in the input voltage range between V j3 
to V j5 ; and the voltage function generating circuit 106 
operates in the input voltage range between V j4 to V^. The 
output voltage of each voltage function generating circuit is 
zero outside its corresponding input voltage range as shown 
above. 

Moreover, the voltage function generating circuit 102 
outputs a maximum voltage V c5 at the input voltage V 4l ; the 
voltage function generating circuit 103 outputs a maximum 
voltage at the input voltage V j2 ; the voltage function 
generating circuit 104 outputs a maximum voltage V c3 at the 
input voltage V j3 ; the voltage function generating circuit 
105 outputs a maximum voltage V c2 at the input voltage V M ; 
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and the voltage function generating circuit 106 outputs a 
maximum voltage V cl at the input voltage V^. For example, 
the output voltage of the voltage function generating circuit 
104 remains at zero until the input voltage reaches V^, 
linearly increases as the input voltage increases from V^, 5 
reaches the maximum value V c3 when the input voltage is 
V^, linearly decreases as the input voltage increases up to 
V M , and becomes zero again after the input voltage exceeds 

Next, the output voltages of the voltage function gener- 10 
ating circuits 102 to 106 having the above-mentioned input- 
output characteristics are added with one another by the 
voltage adder 107 to give the control voltage W c having a 
curve consisting of straight lines each approximating to the 
ideal control voltage curve in one of the five temperature 15 
ranges. 

According to the above configuration, as is seen from 
FIGS. 1, 4, and 5, when the control voltage V e should be 
calibrated in the range of the temperature of T t to T 3 , i.e., in 
the range of the input voltage of V sl to V j3 , the maximum 
value of the output voltage generated by the voltage function 
generating circuit 103 has only to be adjusted to the voltage 
at the temperature T 2 (corresponding to the input 
voltage Vjj), since the output voltages of the voltage func- 
tion generating circuits 102, 104, 105, and 106 are zero at the 25 
temperature T 2 . Thus, the calibration of the temperature 
compensation is greatly facilitated according to the present 
invention. On the other hand, the output voltage of the 
voltage function generating circuit 103 is zero in the tem- 
perature range except temperature ranges from Tj to T 3 
(corresponding, to the input voltages except V,, to V j3 ). 
Therefore, the change in the maximum output voltage 
does not affect the calibration at the other temperatures T„ 
T 3 , T 4 , and T 5 (corresponding to the input voltages V sl , V j3 , 
V^, V, 5 ) at all. In other words, the calibration of the 
respective maximum output voltages V^, V^, V^, V^, and 
V cl of the voltage function generating circuits 102 to 106 
should only be conducted with respect to the respective 
temperature ranges assigned thereto, thereby eliminating 
any interference between one maximum output voltage and 
another. In addition, since straight lines are used to approxi- 
mate to the ideal control voltage curve, the calibration of the 
temperature compensation need only be conducted at several 
temperature sampling points, whereby it is made easy to 
realize a temperature compensated crystal oscillator capable 
of generating a stable frequency. 

Hereinafter, a circuit which embodies the temperature 
compensated crystal oscillator of the present example with 
operation amplifiers will be described. FIGS. 6(a) and 6(b) $Q 
are. diagrams showing the temperature compensated crystal 
oscillator of the present invention composed essentially of 
operational amplifiers. A circuit shown in FIG. 6(a) is 
connected to a circuit shown in FIG. 6(b) at the control 
terminal 15. 55 

A quartz crystal resonator 11 is of a UM-1 type (fre- 
quency: 12.8 MHz), and is an AT cut crystal. An oscillation 
circuit 2 is a Colpitis oscillator in which silicon bipolar 
transistors are used. A variable capacitance diode 14 may be 
MA366 (manufactured by: Matsushita Electronic Compo- $o 
nents Co., Ltd), for example. The oscillating frequency of 
the oscillation circuit 2 can be varied by varying the voltage 
applied to the variable capacitance diode 14. More specifi- 
cally, the oscillating frequency of the oscillation circuit 2 
increases as the applied positive voltage increases. $5 

A temperature sensor 101 of this temperature compen- 
sated crystal oscillator is of the configuration shown in FIG. 
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2(a), and includes three diodes that are connected in series. 
Each of three diodes may be MAI 50 (manufactured by: 
Matsushita Electronic Components Co., Ltd.), for example. 
Since three diodes connected in series are provided, changes 
of temperature can cause larger changes of the output 
voltage from the temperature sensor than those caused by 
one diode, thus realizing characteristics suitable for a tem- 
perature sensor in a temperature compensated crystal oscil- 
lator. FIG. 7 is a graph showing the relationship between 
temperature, output voltage, and current consumption of the 
diode-based temperature sensor used in the circuit shown in 
FIG. 6(a). As is seen from FIG. 7, the output voltage of the 
temperature sensor has a characteristic curve linearly vary- 
ing with respect to temperature. 

As is shown in FIG. 6(b), voltage function generating 
circuits 102 to 106 and a voltage adder 107 may be realized 
as circuits including operational amplifiers (AN1358; manu- 
factured by Matsushita Electronic Components Co., Ltd. ). 
In the circuit shown in FIG. 6(b) t each of the voltage 
function generating circuits 103 to 106 having input-output 
characteristics of a reversed V-shape in a predetermined 
input voltage range corresponding to two adjoining divided 
temperature ranges is constituted by the combination of a 
single-section voltage function generating circuits having 
input-output characteristics of a straight line shape in a 
predetermined input voltage range corresponding to a single 
divided temperature range. The output voltage of an i ih 
single-section voltage function generating circuit (wherein i 
is an integer from 2 to 5) corresponding to the first Half of 
the relevant temperature range (where the output voltage 
increases from zero to the maximum value) is obtained by 
using operational amplifiers for generating an output voltage 
which increases from zero to the maximum value in accor- 
dance with an input voltage varying within a predetermined 
range corresponding to the temperature range. The same 
output voltage of the i ih single-section voltage function 
generating circuit is inverted to be utilized as the output 
voltage corresponding to the second half of the relevant 
temperature range (where the output voltage decreases from 
the maximum value to zero). For example, the voltages each 
consisting of one straight line denoted as lj and 1 2 shown in 
FIG. 5 are generated by the operational amplifier opl alone 
(shown in FIG. 6(b)). 

Further, in FIG. 6(b), the voltage function generating 
circuit 102 is a single-section voltage function generation 
circuit, which is constituted by operational amplifiers for 
generating an output voltage which decreases from the 
maximum value to zero in accordance with an input voltage 
varying from V,! to V j2 corresponding to the first tempera- 
ture range. Alternatively, on the same line of principle, an 
(n+l) fA (wherein n is a number of dividing points between 
temperature ranges; hereinafter this number will be referred 
to as 'temperature range number") voltage function gener- 
ating circuit may be a single-section voltage function gen- 
erating circuit, which is constituted by operational amplifiers 
for generating an output voltage which increases from zero 
to the maximum value in accordance with an input voltage 
varying within a predetermined range corresponding to the 
n th temperature range, in contrast to the circuit shown in 
FIGS. 6(a) and 6(b). By adopting these methods, the circuits 
can be made somewhat simpler. 

Furthermore, in the circuit shown in FIGS. 6(a) and 6(6), 
the maximum output voltage of each voltage function gen- 
erating circuit is prescribed at the same value. Each maxi- 
mum output voltage is adjusted, so as to obtain the desired 
overall control voltage, by adjusting the amplitude of an 
operational amplifier inserted between each voltage function 
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generating circuit and the voltage adder 107. As for the 
maximum output voltage, it is defined by utilizing the 
saturation characteristics of the output voltage of operational 
amplifiers. Thus, it is made possible to obtain the desired 
control signal (voltage) curve. 5 

HG. 8 is a graph showing the relationship between the 
input voltage and output voltage of the control signal 
generation means consisting of the voltage function gener- 
ating circuits 102 to 106 and the voltage adder 107. The 
input voltage is generated by temperature sensor 101. Spe- 10 
cifically, the voltage function generating circuits 102 to 106 
generate output voltages 1 3 to 1 7 , respectively, based on the 
input voltage. The output voltages 1 3 to 1 7 are totaled up by 
the voltage adder 107 to give an output voltage 1 8 which is 
output corresponding to input voltages in the range of 800 15 
mV to 1600 mV. 

FIG. 9 is a graph showing the relationship between 
temperature and the control voltage applied to the control 
terminal 15 of the temperature compensated crystal oscilla- 
tor composed of the circuit shown in FIGS. 6(a) and 6(b). In 
FIG. 9, the curve indicated by circle (O) denotes an ideal 
temperature compensation control curve which keeps the 
fluctuation of the oscillating frequency zero. The curve 
indicated by solid squares (■) and the curve indicated by 
solid triangles (A) interposing the ideal temperature com- 
pensation control curve therebetween denote control curves 
of the cases where the oscillating frequency fluctuates at +1 
p.p.m. and-1 p.p.m., respectively. The curves located on the 
outside of the curves, indicated by squares (□) and triangles 
(A), denote control curves of the cases where the oscillating 30 
frequency fluctuates at +2 p.p.m. and -2 p.p.m., respec- 
tively. 

The conspicuous, thick polygonal line denotes a control 
curve of the case where five temperature ranges are provided 35 
in accordance with the example explained above. The tem- 
perature scale is divided at the respective dividing points at 
-32° C, -17° C, 0° C, 47° C, 67° C, and 80° C, which 
correspond to control voltages of 1422 mV, 1167 mV, 1014 
mV, 1005 mV, 819 mV, and 556 mV, respectively. The ^ 
temperature ranges and the overall control curve are so 
prescribed as to minimize the maximum value of the fre- 
quency fluctuation, which results from the deviation of the 
control curve from the ideal control curve, over the whole 
temperature scale. The control curve thus obtained, com- 45 
posed of 5 approximation lines, advantageously fits within 
the interspace between the control lines representing ±1 
p.p.m. of frequency fluctuation. This indicates that the 
temperature compensation can be successfully conducted 
with the deviation being ±1 p.p.m. or less. 5Q 

Although the control curve is so prescribed as to minimize 
the deviation thereof over the whole temperature scale in the 
present example, it is also applicable to achieve approxima- 
tion by prescribing that the frequency fluctuation becomes 
zero at both ends. of each temperature range. This would 55 
somewhat increase the frequency fluctuation, but would 
facilitate the approximation of the ideal control curve by a 
plurality of straight lines and further facilitate the calibration 
process. 

FIG. 10 is a graph showing the relationship between, the 60 
frequency fluctuation and changes in temperature of the 
temperature compensated crystal oscillator shown in FIGS. 
6(a) and 6(b). The frequency fluctuation is maintained 
within ±1 p.p.m. over a temperature range of -30° C. to +75° 
C. Although five straight lines are used to provide an 65 
approximation to the ideal control curve, each straight line 
corresponding to one of the temperature ranges, it generally 



holds that the accuracy of temperature compensation 
increases as there are more ranges in temperature (i.e. more 
straight lines being used for the approximation), and that it 
becomes easier to configurate the circuit as there are fewer 
ranges in temperature (i.e. fewer straight lines being used for 
the approximation). Therefore, according to the present 
invention, it becomes possible to realize the optimum circuit 
configuration in a given application by prescribing the 
number of temperature ranges in accordance with the target 
temperature zone and frequency stability. Where there are 
five straight lines used for the approximation, the tempera- 
ture compensated crystal oscillator is most suitably used for, 
for example, an FDMA type large capacity analog cellular 
radio tenninal with channel frequency intervals of 12.5 kHz 
or less, which requires the frequency variation to be ±1 
p.p.m. or less over a temperature range of -20° C. to +85° 
C. 

FIG. 11 is a graph showing the relationship between 
temperature and the control voltage of a first modified 
example of the temperature compensated crystal oscillator 
of the present example, wherein 4 temperature ranges are 
provided. As is seen from FIG. 11, the frequency fluctuation 
in response to changes in temperature is kept at ±1.5 p.p.m. 
or less over a temperature range of -30° C. to +75° C. This 
indicates that a temperature compensated crystal oscillator 
according to the present example in which four straight lines 
used for the approximation is most suitably used for, for 
example, a narrow-band TDMA type digital cellular radio 
terminal with channel frequency, intervals of about 25 kHz, 
which requires the frequency variation to be ±1.5 p.p.m. or 
less over a temperature range of -20° C. to +85° C. 

FIG; 12 is a graph showing the relationship between 
temperature and the control voltage of a second modified 
example of the temperature compensated crystal oscillator 
of the present example, wherein 3 temperature ranges arc 
provided. As is seen from FIG. 12, the frequency fluctuation 
in response to changes in temperature is kept at ±2.5 p.p.m. 
or less over a temperature range of -30° C. to +75° C. This 
indicates that a temperature compensated crystal oscillator 
according to the present example in which 3 straight lines 
are used for the approximation is most suitably used for, for 
example, an FDMA type analog cellular radio terminal with 
channel frequency intervals of about 30 kHz or more, which 
requires the frequency fluctuation to be ±2.5 p.p.m. or less 
over a temperature range of -30° C. to +75° C. The 
temperature compensated crystal oscillator is also applicable 
to a wideband TDMA type digital cellular radio terminal and 
a digital cordless telephone with broad channel frequency 
intervals. 

As has been described, according to the configuration of 
the present example, there is provided a compact, low-cost, 
and highly accurate temperature compensated crystal oscil- 
lator with facilitated temperature compensation. Therefore, 
according to the present example, there are provided tem- 
perature compensated crystal oscillators that are applicable 
to an FDMA type analog cellular radio terminal, a narrow- 
band TDMA type digital cellular radio terminal, a wide-band 
TDMA type digital cellular radio terminal, and a digital 
cordless telephone. 

In this example, the temperature sensor 101 consists of the 
circuit in which a plurality of diodes or a thermistor is used. 
Alternatively, the temperature sensor 101 may consist of a 
circuit in which an electronic element other than a diode or 
a thermistor causes variation of an output voltage in corre- 
sponding to changes of temperature. For example, the tem- 
perature sensor 101 may consist of a circuit in which a 
transistor is used, and variation of a current caused by 
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changes of temperature is converted into variation of volt- 
age. In this case, the relationship between the current and the 
voltage may be a linear, second order, third order, or 
exponential function corresponding to input-output charac- 
teristics of an operational amplifier. 5 

Moreover, the voltage function generating circuits 102 to 
106 and/or the voltage adder 107 may includes transistors 
other than operational amplifiers. 



Example 2 
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Hereinafter, a second example of the present invention 
will be described with reference to the accompanying draw- 
ings. Components which correspond to those in Example 1 
are indicated by the same reference numerals (unless oth- 15 
erwise specified). FIG. 13 is a block diagram showing a 
temperature compensated crystal oscillator according to the 
present example. As is shown in FIG. 13, the temperature 
compensated crystal oscillator includes a temperature sensor 
31 for detecting temperature, an A/D convenor 32, an 2 o 
operation device 33, a PROM 34, a D/A (Digital/Analog) 
convenor 35, and an oscillation circuit 12 with a quartz 
crystal resonator 11 for stabilizing the frequency generated 
thereby. The oscillation circuit 12 includes an output termi- 
nal 13 for outputting the generated voltage and a control 25 
terminal 15 for controlling the oscillating frequency. A 
variable capacitance diode 14 whose capacitance is varied in 
accordance with a voltage applied thereto is connected to the 
control terminal 15. The oscillation circuit 12 is identical 
with that in Example 1, 30 

The temperature compensated crystal oscillator of the 
present example is identical with that of Example 1 except 
that the control voltage applied to the control terminal 15 is 
generated by a digital operation process. The temperature 
sensor 31 generates a voltage which is in proportion to the 35 
detected temperature and inputs the voltage to the A/D 
convenor 32, where the voltage corresponding to the tem- 
perature is converted to a digital signal. The digital signal is 
input to the operation device 33. Temperatures T, (wherein 
i is an integer in the range of 1 to a temperature division 40 
number n) at dividing points between temperature ranges 
and control voltage values V oi corresponding to tempera- 
tures T, are preliminarily written in the PROM 34. These 
values are also, input to the operation device 33, where a 
digital value of the control voltage V corresponding to a 45 
given temperature T is calculated out based on the following 
function: 



SO 



0 (T< 7f_i or Tf+i < T) 

r-7f_, 



Ti-Tt-i 



cr M srsri) 



55 



Ti-i-T 

V 0i TM _ Ti (T^rgTVO 

Hie digital value of the control voltage V is input to the 
D/A convenor 35 so as to be converted to a control voltage ^ 
in the form of an analog value. An output voltage of the D/A 
convenor 35 is coupled to the control terminal 15 of the 
oscillation circuit 12 so as to stabilize the oscillating fre- 
quency with respect to temperature. 

As has been described, according to the present example, 65 
the control voltage applied to the control terminal 15 is 
generated by a digital operation process. Therefore, the 
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temperature compensated crystal oscillator can be realized 
with a configuration suitable for being integrated into ICs, 
thus making possible miniaturization of the oscillator. Hie 
calibration can be conducted merely by writing the dividing 
point temperatures and the corresponding control voltage 
values in the PROM 34, in which case temperatures and 
control voltage values can be set rather freely. This allows 
the control curve to be prescribed flexibly. According to this 
example, the temperature compensated crystal oscillator of 
the present invention requires compensation data consisting 
of a table of only 3 bits by 7 bits, for example. Therefore, it 
takes less time to obtain the compensation data and to write 
them to the PROM 34, resulting in high productivity. The 
temperature compensated crystal oscillator shown in FIG. 
13 can consist of known analog circuits and digital circuits. 

Example 3 

Hereinafter, a third example of the present invention will 
be described with reference to the accompanying drawings. 
Components which correspond to those in Example 1 are 
indicated by the same reference numerals (unless otherwise 
specified). FIG. 14 is a block .diagram showing a tempera- 
ture compensated crystal oscillator according to the present 
example. 

The temperature compensated crystal oscillator of the 
present example is identical with that of Example 1 except 
for the configuration of control voltage generating means. 
The control voltage generating means is composed of five 
voltage function generating circuits 203, 204, 205, 206, and 
207, and a switching circuit 202 for switching between the 
voltage function generating circuits 203 to 207 in accor- 
dance with the output voltage from a temperature sensor 
201, which is in proportion to the detected temperature. 

Referring to FIGS. 14 and 15, the voltage function 
generating circuits 203, 204, 205, 206, and 207 generate 
output voltages in response to input voltages within the 
respective input voltage ranges V sl to V^, to V j3 , V j3 
to V^, V s4 to V rf , and V f5 to V Jfi from the temperature 
sensor 201. The output voltages of the voltage function 
generating circuits 203 to 207 are so adjusted as to constitute 
the control voltage indicated by the solid line in FIG. 15, and 
are prescribed at zero outside their corresponding input 
voltage ranges. 

Hereinafter, operating principles for the temperature com- 
pensated crystal oscillator of the present example will be 
described. It is assumed that the temperature sensor 201 has 
characteristics such that the output voltage V x from the 
temperature sensor 201 changes substantially linearly as 
with changes in the ambient temperature T, as is shown in 
FIG. 3. It is also assumed that the temperature sensor 201 
outputs voltages V Jlf V^, V j3 , V^, V x5 , and V rt at tern- 
peratures T„ T 2 , T 3 , T 4 , T 3 , and T 6 , respectively. It is also 
assumed that the relationship between the output voltage V, 
of the temperature sensor 201 and the control voltage V c for 
stabilizing the oscillating frequency is the same as that 
shown in FIG. 4. As is shown in FIG. 14, the output voltage 
of the temperature sensor 201 is also fed to the switching 
circuit 202 for switching between the voltage function 
generating circuits 203 to 207. Control lines interconnect the 
switching circuit 202 with the voltage function generating 
circuits 203 to 207 so that the switching can be conducted. 

FIG. 15 also shows the operation characteristics of the 
switching circuit 202 and the voltage function generating 
circuits 203 to 207 with respect to the input voltage W s from 
the temperature sensor 201 which can realize the character- 
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istics indicated by the solid line in FIG. 4. The switching 
circuit 202 serves to assign one of the voltage function 
generating circuits 203 to 207 for each input voltage range. 
As is shown in FIG. 15, the voltage function generating 
circuit 203 operates in the input voltage range of to V^; 5 
the voltage function generating circuit 204 operates in the 
input voltage range of V, 2 to V^; the voltage function 
generating circuit 205 operates in the input voltage range of 
V,3 to V^; the voltage function generating circuit 206 
operates in the input voltage range of to V x3 ; and the 
voltage function generating circuit 207 operates in the input 
voltage range of V, 3 to V^. Each voltage function generat- 
ing circuit is at rest (i.e. the output voltage of each voltage 
function generating circuit is zero) outside its corresponding 
input voltage range as shown above. 

Moreover, each voltage function generating circuit has 15 
input-output characteristics such that the output voltage 
thereof linearly decreases as the input voltage increases 
within the corresponding input voltage range. More specifi- 
cally, the output voltage of the voltage function generating 
circuit 203 decreases from V c3 to as the input voltage 20 
increases from V jX to V j2 ; the output voltage of the voltage 
function generating circuit 204 decreases from to V c3 as 
the input voltage increases from to V j3 ; the output 
voltage of the voltage function generating circuit 205 
decreases from V c3 to V c2 as the input voltage increases 25 
from V j3 to V^; tie output voltage of the voltage function 
generating circuit 206 decreases from to V cl as the input 
voltage increases from V j4 to V j3 ; and the output voltage of 
the voltage function generating circuit 207 decreases from 
V cl to zero as the input voltage increases from V rf to V^. 30 

By switching between the output voltages of the voltage 
function generating circuits 203 to 207 having the above- 
described characteristics with the use of the temperature 
sensor 201 and in accordance with the output voltage from 
the switching circuit 202, it becomes possible to obtain a 35 
control voltage V c having the characteristics indicated by the 
solid line in FIG. 4 with respect to the input voltage, that is, 
with respect to the ambient temperature. 

According to the above-mentioned configuration, as in the 
case of Example 1 and as is seen from FIGS. 4, 14, and 15, ^ 
the calibration of the control voltage V c at the temperature 
T 2 (corresponding to the input voltage V^, for example, is 
conducted merely by varying the maximum value of the 
output voltage of the voltage function generating circuit 204 
and by adjusting the output voltage of the voltage function 
generating circuit 203 at the temperature T 2 , since the output 45 
voltages of the voltage function generating circuits 205, 206, 
and 207 are zero, Thus, the calibration of the temperature 
compensation is greatly facilitated. In addition, since 
straight lines are used to approximate the ideal compensa- 
tion curve, the calibration need only be conducted at several 50 
temperature sampling points, whereby it is made easy to 
realize a temperature compensated crystal oscillator capable 
of generating a stable frequency. 

Moreover, switching between the voltage function gen- 
erating circuits 203, 204, 205, 206, and 207 is realized by 55 
means of the switching circuit 202. In other words, no more 
than one voltage function generating circuit is in operation 
at a time, thereby decreasing the current consumption. 

The voltage function generating circuits 203 to 207 can be 
realized by using the operational amplifiers as those 60 
described in Example 1, based on the known art. The 
switching circuit 202 can be realized by using FETs (Field 
Effect Transistors) based on the known art. 

Example 4 

Hereinafter, a fourth example of the present invention will 
be described with reference to the accompanying drawings. 



Components which correspond to those in Example 1 are 
indicated by the same reference numerals (unless otherwise 
specified). FIG. 16 is a block diagram showing a tempera- 
ture compensated crystal oscillator according to the present 
example, which is basically identical with the temperature 
compensated crystal oscillator of Example 1 except for the 
input-output characteristics of each voltage function gener- 
ating circuit. 

As is shown in FIG. 16, a temperature sensor 301 is 
connected to the voltage function generating circuits 302, 
303, 304, 305, and 306. The voltage function generating 
circuits 302, 303, 304, 305, and 306 in turn are connected to 
a voltage adder 307. The voltage adder 307 is connected to 
a control terminal 15 of an oscillation circuit 12 and a 
variable capacitance diode 14. 

Hereinafter, operating principles for the temperature com- 
pensated crystal oscillator of the present example will be 
described. It is assumed that the temperature sensor 301 has 
characteristics such that the output voltage V, from the 
temperature sensor 301 changes substantially linearly as 
with changes in the ambient temperature T, as is shown in 
FIG. 3. It is also assumed that the temperature sensor 301 
outputs voltages V Jlt V^, V j3 , V j4 , V j5 , and V, 6 at tem- 
peratures T x , T 2 , T 3 , T 4 , T 5 , and T 6 , respectively. It is also 
assumed that the relationship between the output voltage V, 
of the temperature sensor 301 and the control voltage V c for 
stabilizing the oscillating frequency is the same as that 
shown in FIG. 4. 

FIG. 17 shows the operation characteristics of the voltage 
function generating circuits 302 to 306 with respect to the 
input voltage V, from the temperature sensor 301 which can 
realize the characteristics indicated by the solid line in FIG. 
4. 

The input-output characteristics of the voltage function 
generating circuits 302 to 306 are as follows: The output 
voltage of the voltage function generating circuit 302 is 
maintained at the same value of (V^V^) until the input 
voltage reaches V Jlt linearly decreases from (V^-V^) 
down to zero as the input voltage increases from W sl to V j2 , 
and is maintained at zero after the input voltage exceeds V j2 . 
The output voltage of the voltage function generating circuit 

303 is maintained at the same value of (V^-V^) until the 
input voltage reaches V, 2 , linearly decreases from (V^-V^) 
down to zero as the input voltage increases from V j2 to V j3 , 
and is maintained at zero after the input voltage exceeds V j3 . 
The output voltage of the voltage function generating circuit 

304 is maintained at the same value of (V c3 -V c2 ) until the 
input voltage reaches V j3 , linearly decreases from (V^-V^ 
down to zero as the input voltage increases from W s3 to V f4 , 
and is maintained at zero after the input voltage exceeds V j4 . 
The output voltage of the voltage function generating circuit 

305 is maintained at the same value of (V^-V^) until the 
input voltage reaches V^, linearly decreases from (V^-V^) 
down to zero as the input voltage increases from to V j5 , 
and is maintained at zero after the input voltage exceeds V j5 . 
The output voltage of the voltage function generating circuit 

306 is maintained at V cj until the input voltage reaches V, 5 , 
linearly decreases from V cl down to zero as the input 
voltage increases from V j5 to V^, and is maintained at zero 
after the input voltage exceeds V^. FIGS. 18(a) and 18(fr) 
show one example of a specific circuit to obtain the input- 
output characteristics of the voltage function generating 
circuits 302 to 306 shown in FIG. 17. 

Next, the output voltages of the voltage function gener- 
ating circuits 302 to 306 having the above-mentioned input- 
output characteristics are added with one another by the 
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voltage adder 307 to give the control voltage V c having the 
characteristics indicated by the solid line in FIG. 4 with 
respect to the input voltage from the temperature sensor 301, 
that is, with respect to the ambient temperature. 

According to the above configuration, as is seen from 5 
FIGS. 4, 16, and 17, the calibration of the control voltage V c 
in the temperature range of T 2 to T 3 , for example, (corre- 
sponding to the input voltage range of V j2 to V^) is 
conducted merely by varying the value (V^-V^) of the 
output voltage of the voltage function generating circuit 303. 10 
The reason is that, since the output voltages of the voltage 
function generating circuits 302, 304, 305, and 306 are 
constant values, the control voltage can be adjusted merely 
by adjusting the voltage function generating circuit 303. 
Thus, the temperature compensation is greatly facilitated 15 
according to the present example. 

When the temperature-frequency characteristics must be 
adjusted with respect to all temperature ranges, the calibra- 
tion is conducted from the voltage function generating 
circuits 306, 305, 304, 303, to 302. Since straight lines are 20 
used to approximate to the ideal compensation curve, the 
temperature compensation need only be conducted at several 
temperature sampling points, whereby it is made easy to 
realize a temperature compensated crystal oscillator capable 
of generating a stable frequency. In addition, the temperature 25 
compensated crystal oscillator shown in FIG. 16 has the 
advantage that the voltage function generating circuits 302 
to 306 can be made simpler than the voltage function 
generating circuits 102 to 106 in Example 1. 

Some exemplary values for temperatures and voltages, 30 
and some exemplary parts numbers for electronic elements 
are mentioned above. It will be appreciated that other values 
and parts numbers which will enable operation of the 
invention described also may be used. Various other modi- 
fications will be apparent to and can be readily made by 
those skilled in the art without departing from the scope and 
spirit of this invention. Accordingly, it is not intended that 
the scope of the claims appended hereto be limited to the 
description as set forth herein, but rather that the claims be 
broadly construed. 

What is claimed is: 

1. A temperature compensated crystal oscillator compris- 
ing: 

oscillation means including a quartz crystal resonator and 45 
a control terminal, for providing an oscillating signal 
determined by the quartz crystal resonator and a control 
signal, the control signal being applied to the control 
terminal; 

temperature detecting means for detecting an operation 50 
• temperature and outputting a temperature signal based 

on the operation temperature; and 
control signal generating means for receiving the tem- 
perature signal from the temperature detecting means, 
generating the control signal based on a characteristic 55 
curve, and outputting the control signal to the control 
terminal; the characteristic curve essentially consisting 
of a plurality of straight lines and being an approxima- 
tion of an ideal control curve in a predetermined 
operation temperature range including the operation 60 
temperature, the ideal control curve having a relation- 
ship between the control signal and the temperature 
signal for ideally compensating a fluctuation of a 
frequency of the oscillating signal against changes of 
the operation temperature, the predetermined operation 65 
temperature range being divided into temperature 
ranges, each of the plurality of straight lines corre- 



35 



40 



sponding to a respectively different one of the divided 
temperature ranges, 

wherein the control signal generating means includes a 
plurality of voltage function generating circuits each 
having input-output characteristics for linearly varying 
their respective output voltages from a first predeter- 
mined voltage to a second predetermined voltage in 
accordance with an input voltage within an input volt- 
age range corresponding to a predetermined one of the 
divided temperature ranges and for maintaining their 
respective output voltages at either the first predeter- 
mined voltage or the second predetermined voltage in 
an input voltage range corresponding to divided tem- 
perature ranges other than the one predetermined 
divided temperature range; and a voltage adder for 
adding the respective output voltages of all the voltage 
function generating circuits with one another. 

2. A temperature compensated crystal oscillator according 
to claim 1, wherein the characteristic curve is selected so as 
to minimize a maximum value of frequency fluctuation 
resulting from deviation from the ideal control curve over 
the predetermined operation temperature range. 

3. A temperature compensated crystal oscillator according 
to claim 1, wherein each of the plurality of straight lines 
conforms to the ideal control curve at both ends of each 
divided temperature range so that no frequency fluctuation 
occurs at either end of each divided temperature range. 

4. A temperature compensated crystal oscillator according 
to claim 1, wherein the characteristic curve consists of five 
straight lines. 

5. A temperature compensated crystal oscillator according 
to claim 1, wherein the characteristic curve consists of four 
straight lines. 

6. A temperature compensated crystal oscillator according 
to claim 1, wherein the characteristic curve consists of three 
straight lines. 

7. A temperature compensated crystal oscillator according 
to claim 1, wherein the temperature detecting means is a 
circuit including a resistor connected in series to a plurality 
of diodes connected in series to one another, a connection 
point between the resistor and the diodes defining an output 
terminal for outputting the temperature signal, and a DC 
current being applied to the circuit. 

8. A temperature compensated crystal oscillator, compris- 
ing: 

oscillation means including a quartz crystal resonator and 
a control terminal, for providing an oscillating signal 
determined by the quartz crystal resonator and a control 
signal, the control signal being applied to the control 
terminal; 

temperature detecting means for detecting an operation 
temperature and outputting a temperature signal based 
on the operation temperature; and 

control signal generating means for receiving the tem- 
perature signal from the temperature detecting means, 
generating the control signal based on a characteristic 
curve, and outputting the control signal to the control 
terminal; the characteristic curve essentially consisting 
of a plurality of straight lines and being an approxima- 
tion of an ideal control curve in a predetermined 
operation temperature range including the operation 
temperature, the ideal control curve having a relation- 
ship between the control signal and the temperature 
signal for ideally compensating a fluctuation of a 
frequency of the oscillating signal against changes of 
the operation temperature, the predetermined operation 
temperature range being divided into temperature 
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ranges, each of the plurality of straight lines corre- 
sponding to one of the divided temperature ranges; 

wherein the control signal generating means includes a 
plurality of voltage function generating circuits each 
having input-output characteristics for linearly varying 5 
their respective output voltages in accordance with the 
temperature signal within a predetermined one of the 
divided temperature ranges and for maintaining their 
respective voltages at a first predetermined voltage in 
temperature ranges other than the one predetermined 10 
divided temperature range, and switching means for 
switching between the voltage function generating cir- 
cuits, each of the voltage function generating circuits 
being operated in a corresponding one of the divided 
temperature ranges. 15 

9. A temperature compensated crystal oscillator, compris- 
ing: 

oscillation means including a quartz crystal resonator and 
a control terminal, for providing an oscillating signal 
determined by the quartz crystal resonator and a control 20 
signal, the control signal being applied to the control 
terminal.; 

temperature detecting means for detecting an operation 
temperature and outputting a temperature signal based 
on the operation temperature; and 25 

control signal generating means for receiving the tem- 
perature signal from the temperature detecting means, 
generating the control signal based on a characteristic 
curve, and outputting the control signal to the control 
terminal; the characteristic curve essentially consisting 30 
of a plurality of straight lines and being an approxima- 
tion of an ideal control curve in a predetermined 
operation temperature range including the operation 
temperature, the ideal control curve having a relation- 
ship between the control signal and the temperature 35 
signal for ideally compensating a fluctuation of a 
frequency of the oscillating signal against changes of 
the operation temperature, the predetermined operation 
temperature range being divided into temperature 
ranges, each of the plurality of straight lines corre- 40 
sponding to one of divided temperature ranges, 

wherein the control signal generating means includes: a 
number (n+1) of voltage function generating circuits 
having input-output characteristics such that, in a pre- 
determined input voltage range corresponding to two 45 
adjoining ones of the divided temperature ranges, an 
output voltage linearly increases from zero to a prede- 
termined maximum value in accordance with input 
voltage in a first one or the two adjoining temperature 
ranges and that the output voltage linearly decreases 50 
from the maximum value to zero in accordance with the 
input voltage in the other one of the two adjoining 
temperature ranges and further that the output voltage 
is zero in an input voltage range other than the input 
voltage range' corresponding to the two adjoining tem- 55 
perature ranges; and a voltage adder for adding the 
output voltages of all the voltage function generating 
circuits with one another, 

wherein the output voltage of each voltage function 6Q 
generating circuit varies based on the following rela- 
tionship: 

as the output voltage of an i lh voltage function generating 
circuit increases from zero to a maximum value, the 
output voltage of an (i-1 ) rt voltage function generating 55 
circuit decreases from a maximum value to zero; and 

as the output voltage of an \ (h voltage function generating 
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circuit decreases from a maximum value to zero, the 
output voltage of an (i+1),* voltage function generating 
circuit increases from zero to a maximum value, 
wherein n is an integer of 2 or more representing the 
number of temperature ranges; and i is an integer in the 
range of 2 to n. 

10. A temperature compensated crystal oscillator accord- 
ing to claim 9, wherein the output voltage of the \ th voltage 
function generating circuit increasing from zero to the 
maximum value in the first one of the two adjoining tem- 
perature ranges is generated by a single-section voltage 
function generating circuit composed mainly of at least one 
operational amplifier, and wherein the output voltage of the 
single-section voltage function generating circuit composed 
mainly of the at least one operational amplifier is inverted to 
be utilized as the output voltage of the (i-1),/, voltage 
function generating circuit decreasing from the maximum 
value to zero in the other one of the two adjoining tempera- 
ture ranges. 

11. A temperature compensated crystal oscillator accord- 
ing to claim 9, wherein the first of said number of voltage 
function generating circuits is a single-section voltage func- 
tion generating circuit composed mainly of operational 
amplifiers for generating output voltage decreasing from a 
maximum value to zero in accordance with the input volt- 
age. 

12. A temperature compensated crystal oscillator accord- 
ing to claim 9, wherein the (n+l) /A voltage function gener- 
ating circuit is a single-section voltage function generating 
circuit composed mainly of operational amplifiers for gen- 
erating output voltage increasing from zero to a maximum 
value. 

13. A temperature compensated crystal oscillator accord- 
ing to claim 9, wherein the predetermined maximum values 
of the output voltages of the voltage function generating 
circuits are prescribed at the same value, and wherein such 
a desired control signal is generated by adjusting amplitude 
of an operational amplifier inserted between each voltage 
function generating circuit and the voltage adder. 

14. A temperature compensated crystal oscillator accord- 
ing to claim 13, wherein the voltage function generating 
circuits are composed mainly of at least one operational 
amplifier, and wherein the maximum value of the output 
voltage of each voltage function generating circuit is defined 
by utilizing saturation characteristics of an output voltage of 
the operational amplifier. 

15. A temperature compensated crystal oscillator accord- 
ing to claim 8, wherein each of the plurality of straight lines 
conforms to the ideal control curve at both ends of each 
divided temperature range so that no frequency fluctuation 
occurs at either end of each divided temperature range. 

16. A temperature compensated crystal oscillator accord- 
ing to claim 9, wherein the characteristic curve is selected so 
as to minimize a maximum value of frequency fluctuation 
resulting from deviation from the ideal control curve over 
the operation temperature range, 

17. A temperature compensated crystal oscillator accord- 
ing to claim 9, wherein each of the plurality of straight lines 
conforms to the ideal control curve at both ends of each 
divided temperature ranges so that no frequency fluctuation 
occurs at both the ends. 

18. A temperature compensated crystal oscillator accord- 
ing to claim 9, wherein the characteristic curve consists of 
five straight lines. 

19. A temperature compensated crystal oscillator accord- 
ing to claim 9, wherein the characteristic curve consists of 
four straight lines. 
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20. A temperature compensated oscillator according to of diodes connected in series to one another, a connection 
claim 9, wherein the characteristic curve consists of three point between the resistor and the diodes defining an output 
straight lines. terminal for outputting the temperature signal, and a DC 

21. A temperature compensated crystal oscillator accord- current being applied to the circuit, 
ing to claim 9, wherein the temperature detecting means is 5 

a circuit including a resistor connected in series to a plurality * * * * * 
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